ABSTRACT: In order to make a deep research on the effect of asphalt mixture paver's working parameters on paving material's compactness, the mathematical model was established among vibrators structural parameters, operating parameters and paving quality parameters based on full-scale test and theoretical derivation. Furthermore, the relationship was determined by vibrator's width, vibration frequency, paving speed and material's compactness. According to Matlab software analysis, the range of paving speed was obtained under the optimum paving compactness. For typical asphalt mixture pavers, when the vibrators frequency is less than 25Hz and vibrators width is 0.04m, the operation speed cannot exceed 5m/min.
INTRODUCTION
In asphalt pavement construction, mixture is paved and shaped by pavers, and layer of certain compactness is got [1] . The research materials and engineering practices show that, the higher the initial density of paving layers, the better the pavement construction quality [2] [3] [4] . The function of asphalt mixing paver was that the mixture was evenly paved on the sub-layer in accordance with the pavement design requirements. Paver was mainly composed of a towing tractor and working device. The towing tractor could provide power source and traction for paver and working device, respectively. And the mixture, which was unloaded into the hopper from truck, was delivered to screwy feeder, and distributed along the screed plate. In order to obtain the mixture layer with a certain size, evenness and compactness, the mixture was initially shaped and compacted by working device. The vibrator was key component of the working device in the asphalt paver. And in order to achieve the paving layer with higher compactness, the working speed of vibrator and paver should be coordinated [5] . Therefore, the relationships among the structural and rotational parameters of vibrator, the speed parameters of paver and compaction parameters of mixture were interdependent. And these have important influences on the quality of paving operation whether the coordination among the parameters. Jiao et al [6] . studied the effect of the efficiency of hydraulic system on the stability of paver low-speed operation. The results showed these greatly influenced the load change on the paving speed under 1/4 of maximum displacement during hydraulic pump working, which would cause large fluctuations. The motion law and dynamics of paver vibrator-medium system were studied by Gong et al [7] . According to the structural characteristics of the screed plate, the mechanical model and dynamics characteristics of vibrators-media system were achieved. Yu studied the compaction mechanism de-sign of LT5 asphalt paver [8] . And the calculation of tempering power, the design method of screed specific pressure and the degree of compaction evenness were discussed. Although the mechanical properties and the motion law of vibrator were further studied in the existing articles, the relationship between the parameters and the material involved less [9, 10] . Paver was key equipment in pavement construction, and how to coordinate among the parameters had significant influence on the final pavement quality. In this paper, based on full-scale test, the mathematical model among the structure parameters, motion parameters, operation speed parameters and material compacted effect on paver vibrator was established. Thereby, the relationship between paver's mechanical parameters and material performance was elaborated. In order to determine the control paving quality and reasonable construction parameters, the theoretical basis and practical guides were put forward as well.
VIBRATION COMPACTION THEORY AND
CONDITIONS OF MATERIAL
Vibration compaction theory
According to compaction theory, when the shear stress generated from external force reached the shear strength of particles, particles moved with each other. Large particles interlocked mutually, and small particles moved into the gap between large particles. Consequently, a dense structure was formed [11] . Based on internal friction theory of material, the compaction process of paver vibrator could be analyzed. Due to harmonic and periodic characteristics of vibrator vibration, instantaneous changes could be instantaneous with several sine or cosine vibrations. Each impact would generate a shock wave inside the material, and the vibration energy in the form of space pressure and shear wave would be spread and extended. Under the action of shock waves, material particles became from stationary state to vibrational state. And then the friction between particles was also changed from static friction to dynamic friction. Under vibration compaction condition, the material was subjected to interaction of internal and external pressure. Internal forces included the adhesion and friction force among material particles and dead weight. Meanwhile, external forces included vibration force, inertia force and weight of the upper material particles. Because of different positions and mass, the inertial force of material particles was also different in the forced vibration state. If the inertial force was too small to overcome the friction and adhesion force among particles, the particles were still in the initial position and couldn't move. If the inertial force was large enough to overcome the friction and adhesion forces among particles, the shear strength was reduced. The shear strength could be reduced by 60%~80% and to a small percentage of the original one for asphalt mixture and coarse sand, respectively. With the gravity of itself and the upper material, the particles were moved to more stable position, which resulted in interlock tightly and air exclusion, and achieved dense and steady state.
The material internal friction theory during vibration compaction could be summarized as follows. Due to the vibration action of vibrator, the internal frictional resistance among particles was decreased, the shear strength was reduced. Therefore, the material became dense under dynamic forces and dead weight of particles. In order to overcome the cohesive and adhesive force, the particles were subjected to keep vibration state and continuous excitation. Meanwhile, the continuous excitation frequency was not less than 3 times [12] . In order to meet the above conditions, effective compaction for the paving mixture should be guaranteed. The relationship among the relevant parameters was shown in Figure 1 , and could be described as Equation (1), where N was the continuous excitation number of granular materials. When the continuously forced vibration time was long enough, the particles remained in a continuous vibration state, and the mixtures could obtain enough high compactness. When further vibration could not be helpful to improve the density, the excitation number was the optimum one.
The basic conditions of forced vibration on material particles
where L was the horizontal width on bottom of vibrator, m; N was the optimum excitation number; A was the moving distance of paver during a vibration period, m.
where v was the paving speed, m/min; f was the vibrator frequency, Hz.
According to the above two equations, when the particles were subjected to be vibration state and the excitation number was optimum, the relationship among vibration frequency, paving speed and horizontal width of vibrator could be drawn, shown as Equation (3):
3 THE MATHEMATICAL MODEL ON VIBRATOR PARAMETERS AND COMPACTION PROCESS
Vibrating process and change trend on material's compactness
(1) The composition of mixture used in the experiment The mixture type of the test section is AC-20, and coarse aggregates use basalt with anti-slip performance, wear resistance, and the shape is close to the cube, while, the fine aggregates use mechanism of limestone sand, and filler mineral uses powder limestone, and the composite gradation curve is shown as Figure 2 . Asphalt is SBS modified asphalt with 25°C penetration of 50, softening point of 70°C, asphalt content of 4.31%.
(2) Experimental equipment Vibration Compaction Theory suggests that when the vibration frequency is close to the resonant frequency of the system, the internal friction resistance between the particles is fallen sharply, which can achieve the best effect (i.e., the compactness reaches the highest). Therefore, in the process of paving, the corresponding layer compactness can be tested by adjusting the vibration frequency, and the corresponding frequency can be determined as the resonance frequency of paver work. By using PQI301 Pave Track TM Plus, the density detection test on asphalt mixture layer is carried on. PQI301 is composed of signal transmitting, signal receiving, data analysis, display and other components, and based on the electromagnetism theory, the surface density can be gained by detecting the dielectric constant of the asphalt surface material, and its working principle is shown in Figure 3 . In order to reduce the measurement error, five tests are conducted at the same testing point (see Figure 4) , and then the average is taken. (3) Experimental results and analysis According to the theoretical deduction and experimental results, the change trend on material compactness was shown as Figure 5 [13] . With the increase of excitation compaction number, the corresponding compactness was changed as exponential curve. The initial growth was faster, and then gradually slowed down. Finally, the compactness increased very slowly, and the curve became flat. The change trend on compactness could be fitted by Equation (4). where A was the compactness of material after sufficient vibrating and compacting. A1 was a coefficient, which depended on material density and compaction. A0 was the compactness of material without vibration and compaction. n was the compaction efficiency coefficient, which depended on equipment tonnage, layer thickness, mixture gradation and so on. x was the effective vibration frequency. y was the compactness of paving material.
The mathematical model of vibrator parameters and compactness
1-screed, 2-hydraulic motor, 3-belt, 4-eccentric rotation shaft, 5-vibrator, 6-eccentric shaft, 7-front baffle The core components of working device on paver were screed, and the vibrator was located in front of the screed, shown as Figure 6 . The vibrator was installed on the eccentric shaft rotated by a hydraulic motor, which drove vibrator to vertically reciprocate. By changing the variable pump flow, the vibration frequency of vibrator could be adjusted, and the mixture was compacted. Usually the adjustable frequency of vibrator ranged from 0 to 25 Hz, and the vibration frequency was slightly different for various pavers [14] . According to the structure of paver vibrator and the growth equation of materials' compactness, the vibrator's continuous compaction number x could be calculated by Equation (6) .
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where f was the vibrator frequency, Hz. V was the paving speed, m/min. L was the vibrator width, m.
Because the vibrator bottom plane was narrow, the faster the paving speed was, the less the excitation frequency on paving road unit length was, and vice versa. The different excitation frequency on unit length had different impact on the compactness of paving layer. Equation (6) was substituted into Equation (4) for Equation (7) . The related mathematical model on vibrator's structural parameters, rotation parameters, paving speed parameters and material compactness parameters was shown as Equation (7).
4 THE RELATIONSHIP AMONG PAVING SPEED, VIBRATION FREQUENCY AND MATERIAL COMPACTNESS For the practical engineering, the optimal continuous vibration frequency N, the compaction efficiency coefficient n, the coefficient A1 and A0 should be determined by test. The curve, shown as Figure 7 , represented the relationship between material compactness and paving speed. Meanwhile, the vibrator width L was 0.04 m, and the vibrator frequency was 10 Hz. According to the fitting curve, when x was 1, y was 87.3. And when x was 3, y was 85.0. Furthermore, when A0 was 70, n was 4 and A1 was 17.3 in Equation (7) . The mathematical model on the change of material compactness could be obtained by substituting the above parameters into Equation (7), shown as Equation (8) . Under different vibration frequencies, the relationship diagram between paving speed and compactness could be drawn by Matlab software, shown as The change trend of curve in Figure 8 revealed that when paving speed was below a certain threshold, the material compactness was relatively large and stable at a certain frequency. Based on the above curve and Equation (3) , N was calculated as 12 and Equation (9) could be achieved. According to Equation (9) , the relationship diagram between vibration frequency and the optimal paving speed could be drawn with different vibrator width, shown as Fig. 6 . Figure 7 . Relationship between material compactness and paving speed. As shown in Figure 9 , the structure parameters and vibration parameters of vibrator played important roles in the compactness of pavement paving material. Meanwhile, there was close links between vibration frequency and paving speed. To make the following discussion:
(1) There existed an optimum speed at a certain vibration frequency during paver operation. When paving speed was below the optimum speed, the material compactness was relatively large and stable. It was known as paving hard features that the compactness didn't vary with paving speed. If the paving speed was higher than the optimum speed, the compactness varied with the change of paving speed. It was called as paving soft features. When paver was operated at hard features stage, the pavement with higher compactness was convenient to construction and control. It was helpful to ensure the quality of construction.
(2) The width of the vibrator had an impact on the optimum paving speed. The greater the width was, the higher the optimum speed was.
(3) In the case of a certain paver, the structural parameters had been confirmed. What mainly changed was the operating parameters in the construction process. At the moment, the vibrator's frequency and paving speed of paver had important impact on the compactness of paving material. For the same material, each vibration frequency was always accompanied by an optimum paving speed range. For example, the maximum frequency of typical paver vibrator was 25 Hz. Thus, when vibrator's width was 0.04m, the maximum paving speed could not exceed 5m/min.
CONCLUSIONS AND RECOMMENDATIONS
(1) The mathematical model on paving parameters and compactness manifested that the vibrator's width, frequency and paving speed parameters had important influence on the paving mixture's compactness. The achievement of a desired effect was required to coordination.
(2) There existed an optimum paving speed range during paver operation. For a certain paver, the vibrator's width had been confirmed. The higher the vibration frequency was, the greater the optimum speed range was. The maximum frequency of typical paver vibrator was 25 Hz. Thus, when vibrator's width was 0.04m, the maximum paving speed could not exceed 5m/min. In order to ensure paver operate at hard features stage, the paving speed should be compatible with the vibration frequency during the operation process. 
